Non-catalytic cellulosomal CBMs (carbohydrate-binding modules) are responsible for increasing the catalytic efficiency of cellulosic enzymes by selectively putting the substrate (a wide range of poly-and oligo-saccharides) and enzyme into close contact. In the present study we carried out an atomistic rationalization of the molecular determinants of ligand specificity for a family 11 CBM from thermophilic Clostridium thermocellum [CtCBM11 (C. thermocellum CBM11)], based on a NMR and molecular modelling approach. We have determined the NMR solution structure of CtCBM11 at 25
Non-catalytic cellulosomal CBMs (carbohydrate-binding modules) are responsible for increasing the catalytic efficiency of cellulosic enzymes by selectively putting the substrate (a wide range of poly-and oligo-saccharides) and enzyme into close contact. In the present study we carried out an atomistic rationalization of the molecular determinants of ligand specificity for a family 11 CBM from thermophilic Clostridium thermocellum [CtCBM11 (C. thermocellum CBM11)], based on a NMR and molecular modelling approach. We have determined the NMR solution structure of CtCBM11 at 25
• C and 50
• C and derived information on the residues of the protein that are involved in ligand recognition and on the influence of the length of the saccharide chain on binding. We obtained models of the CtCBM11-cellohexaose and CtCBM11-cellotetraose complexes by docking in accordance with the NMR experimental data. Specific ligandprotein CH-π and Van der Waals interactions were found to be determinant for the stability of the complexes and for defining specificity. Using the order parameters derived from backbone dynamics analysis in the presence and absence of ligand and at 25
• C, we determined that the protein's backbone conformational entropy is slightly positive. This data in combination with the negative binding entropy calculated from ITC (isothermal titration calorimetry) studies supports a selection mechanism where a rigid protein selects a defined oligosaccharide conformation.
INTRODUCTION
Cellulosomal CBMs (carbohydrate-binding modules) are noncatalytic proteins that bind to a wide range of poly-and oligosaccharides, and have cellulose as their most common ligand [1, 2] . Furthermore, CBMs are also involved in a large number of processes such as pathogen defence, polysaccharide biosynthesis, virulence and plant development among many others. Although the catalytic mechanisms of the enzymes present in the cellulosome are well understood, the function and behaviour of the noncatalytic modules and how they work together with the catalytic subunits is still a key question. Currently CBMs are grouped into 64 families (http://www.cazy.org/), on the basis of their primary structure similarities, and are classified into three types: 'surface binding' (Type A), glycan binding (Type B) and 'small sugar binding' (Type C) according to functional similarities [3] .
The main function of CBMs is to increase the catalytic efficiency of the enzymes by putting the substrate and the enzyme into extended and close contact [2, 3] . Type B CBMs bind to a large variety of substrates, recognizing single glycan chains comprising hemicellulose (xylans, mannans, galactans and glucans of mixed linkages) and/or non-crystalline cellulose. These proteins bind to their substrates through two major mechanisms: (i) the action of aromatic amino acids, such as tryptophan and tyrosine, that are thought to pack on to the sugar rings [1, 3, 4] , and (ii) the conformational fitting of the glycan chains in the binding cleft [3] . Therefore stacking/hydrophobic interactions between the sugar rings and aromatic residues in the CBMs and conformational fitting of the glycan chains, that confer additional specificity and stability to the protein-carbohydrate complex, seem to play a key role in ligand recognition [4] [5] [6] . In spite of these findings, a detailed molecular and mechanistic understanding of the CBMcarbohydrate interaction and of the molecular determinants for CBM/ligand recognition is still an open question and a major topic of research, because of its importance to fully rationalize the complex mechanism of biomass hydrolysis.
CtCBM11 (Clostridium thermocellum CBM11) belongs to the Type B subfamily of CBMs and is characterized by the binding of a single polysaccharide chain [5] . Previous studies by ITC (isothermal titration calorimetry) [5] demonstrated that CtCBM11 exhibits a preference for β-1,3-1,4 glucans and a considerable affinity for β-1,4-linked glucose polymers. No affinity for β-1,3 glucans has been observed. This specificity of CtCBM11 is consistent with the type of substrates hydrolysed by the associated catalytic domains [GH5 (globular domain of H5) and GH26 (globular domain of H26)] [5] . In the same study, affinity gel electrophoresis results obtained from the binding of wild-type CtCBM11 and its mutant derivatives (Y22A, Y53A and Y129A) showed that these aromatic residues are key to the specificity of CtCBM11.
We have previously reported a combined study by Xray crystallography, NMR and computational chemistry, to characterize the binding mode of different carbohydrates (cellobiose, cellotetraose and cellohexaose) to CtCBM11 [4] .
Using STD (saturation transfer difference)-NMR and molecular docking studies we have shown that the binding cleft of CtCBM11 interacts more strongly with the four central glucose units of cellohexaose, mainly through interactions with positions 2 and 6 of the sugar units [4] . However, no experimental information about the residues responsible for ligand binding and recognition was obtained.
In the present study, we extended the NMR approach in order to complement the previous study with information derived from the protein. Because C. thermocellum grows at a T opt (optimal temperature) of 60
• C [7] , we studied the influence of temperature in the protein structure and dynamics by determining the NMR solution structure at 25 and 50
• C and by NMR relaxation studies. We also studied and characterized the protein's binding cleft, main protein-ligand interactions and the dynamic changes upon ligand binding at both temperatures.
The results of the present study represent a significant improvement in the understanding of the factors that determine the specificity and the mode of action of CBMs at the molecular level, and complement previous studies [4, 5] .
EXPERIMENTAL

Recombinant protein expression and purification
To express [ 13 C, 15 N]CtCBM11 in Escherichia coli cells, the region of the Lic26A-Cel5A gene (lic26A-cel5A) encoding CBM11 from C. thermocellum was amplified as described previously [5] . The bacterial culture grew in 1 litre of M9 minimal medium at 37
• C containing 100 μg/ml ampicillin, 15 D-thiogalactopyranoside) when cells were at mid-exponential growth phase. The cells were further incubated at 30
• C for 20 h, after which they were collected, and the recombinant protein was purified by ion metal-affinity chromatography. Fractions containing the purified protein were buffer exchanged, in PD-10 Sephadex G-25M gel-filtration columns (Amersham Pharmacia Biosciences), into water. The purified protein was then concentrated to about 1 mM.
NMR spectroscopy
For the structure calculation and relaxation measurements, the [ 13 C, 15 N] CtCBM11 sample was prepared at 0.7 mM in 90 % H 2 O/10 % 2 H 2 O. For the study of the interaction of CtCBM11 with cellohexaose and cellotetraose (Seikagaku Corporation), the concentration of the protein was maintained at 0.1 mM and the concentration of ligand varied from 0.3 to 2 mol. The samples were prepared in 90 % H 2 O/10 % 2 H 2 O. All NMR spectra were acquired at 25
• C on a 600 MHz Bruker AvanceIII spectrometer (Bruker) equipped with a 5 mm inverse detection triple-resonance z-gradient cryogenic probe and processed using TOPSPIN 2.1 (Bruker). Detailed information concerning the spectral acquisition conditions are given in Supplementary Table S1 (at http://www.biochemj.org/ bj/451/bj4510289add.htm).
Resonance assignment and structure calculation
Two-dimensional 15 N, 13 C-edited HSQC (heteronuclear single-quantum coherence) and three-dimensional HNCO-, HN(CA)CO-, HN(CO)CACB-, HNCACB-and (H)CCH-TOCSY experiments were performed to obtain the chemical-shift assignments of the backbone atoms. Three-dimensional 15 N-and 13 C-NOESY-HSQC (mixing time 60 and 80 ms respectively), 15 N-TOCSY-HSQC (mixing time 60 ms), both in the aliphatic and aromatic regions, and HNHA spectra were used for complete side-chain resonance assignment and NOE (nuclear Overhauser effect) measurements (see Supplementary Table  S1 ). The assignment of the 1 H, 13 C, and 15 N signals in the spectra was performed in CARA 1.8.4.2 [8] . For semi-automatic protein backbone assignment, we used the AutoLink module [9] integrated into the CARA program.
We used the software CYANA2.1 [10] for the structure calculation and AMBER12 [11] for energy minimization, MolProbity [12] to analyse the quality of the refined structures, and CHIMERA [13] and PyMOL 1.4.1 (http:// www.pymol.org) to visualize them, calculate accessibilities and to prepare the diagrams of the molecules. For a detailed description of the structure calculation procedure see the Supplementary Online data and Supplementary Table S2 (at http://www.biochemj. org/bj/451/bj4510289add.htm).
The co-ordinates of the structures were deposited in the PDB under the accession codes 2LRO and 2LRP (25 • C and 50
• C respectively) and the NMR data was deposited in the BMRB databank under the accession numbers 18388 and 18389 (25 • C and 50
• C respectively).
Interaction with cellooligosaccharides
[ 13 C, 15 N]CtCBM11 was titrated with cellohexaose and cellotetraose. For the titration experiments, a series of six 1 H, 15 N-HSQC spectra were acquired in which the concentration of protein was maintained at 0.3 mM and the concentration of ligand varied from 0 to 2 mol (0, 0.3, 0.5, 1, 1.5 and 2). For the spectral acquisition details see the Supplementary Online Data. The spectra relative to the interaction CtCBM11-cellohexaose were acquired at 25
• C and 50 • C, whereas those relative to the interaction CtCBM11-cellotetraose were acquired only at 25
• C. For the evaluation of the behaviour of individual amino acids upon the addition of increasing amounts of ligand we have calculated the combined amide proton and nitrogen chemical-shift differences using eqn (1) in the Supplementary Online Data [15] . We have used the combined chemical shifts to obtain the dissociation constant from the titration experiment according to eqn (2) in the Supplementary Online Data and Supplementary Table S3 (at http://www. biochemj.org/bj/451/bj4510289add.htm) [16] .
Docking models for the CtCBM11-cellohexaose/cellotetraose complexes and molecular dynamics Models of the CtCBM11-cellohexaose and CtCBM11-cellotetraose complexes were calculated using the HADDOCK (high ambiguity-driven protein docking) software under the WeNMR Grid-enabled server [17, 18] using the energy minimized representative conformers of the NMR-derived solution structures at 25
• C. The AIRs (ambiguous interaction restraints), i.e. active residues, were derived from the NMR titration data and the passive ones were chosen automatically [6.5 Å (1 Å = 0.1 nm) around the active residues]. The HADDOCK docking protocol was performed as described previously [18, 19] . The parameters for the ligands were obtained from Glycam Web (http://glycam. ccrc.uga.edu/CCRC/biombuilder/biomb_index.jsp). The docking solutions were divided into clusters (5, 7 and 5 for the interaction of CBM11 with cellohexaose at 25
• C and with cellotetraose at 25
• C respectively) using a 2 Å cut-off, ranked on the basis of the average HADDOCK score (see Supplementary Figure   c The Authors Journal compilation c 2013 Biochemical Society S1 and Supplementary Table S4 at http://www.biochemj.org/ bj/451/bj4510289add.htm) and analysed using PyMOL.
Molecular mechanics calculations and molecular dynamics simulations were performed with AMBER12 [11] , using the ff99SB (parm99) [21] and GLYCAM 06 [22] force fields to parameterize both protein and carbohydrates respectively. A detailed description of the molecular dynamics protocol can be found in the Supplementary Online Data.
As a representative co-conformation of a given simulation, the snapshot of the cluster with larger population was taken. The molecular diagrams were drawn with PyMOL [14] and their structures were used to illustrate the structural features discussed in the main text. CtCBM11-oligosaccharide interactions, conformation of the oligosaccharides and analysis of glycosidic linkages were performed using the Ptraj module as implemented in AMBER12 (Supplementary Tables S5 and S6 , and Supplementary Figures S2-S4 at http://www.biochemj.org/bj/451/ bj4510289add.htm).
N Relaxation measurements and analysis
The 15 N relaxation rates were measured for the amide groups of CtCBM11 at 25
• C in the absence (control) and presence of cellohexaose (0.3 mM protein and 0.6 mM cellohexaose). Longitudinal (R 1 ) and transverse (R 2 ) relaxation rates and 1 H, 15 N steady-state NOEs were measured using conventional pulse sequences. Data for the determination of the 15 N longitudinal relaxation rate (R 1 ) were obtained with 13 relaxation periods (0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2, 2.5, 3, 3.5 and 4 s). For the 15 N transverse relaxation rate (R 2 ) a spin echo period of 450 μs was used and data corresponding to 8 relaxation periods was collected (0.016, 0.032, 0.065, 0.097, 0.129, 1.161, 1.194 and 0.258 s). Heteronuclear 15 N, 1 H-NOEs was determined from the ratio of two experiments with and without saturation as described previously [23] . See the Supplementary Online Data for the spectral acquisition details. The data were analysed using CARA 1.8.4.2 [8] .
The T 1 and T 2 relaxation data peak intensities were fitted with the software OriginPro 8 (OriginLab) into eqns (4) and (5) of the Supplementary Online Data [24] .
The HetNOE (heteronuclear NOE) values are defined as the ratios of peak intensities with and without proton saturation. We have calculated the uncertainties of HetNOE values, NOE, using the well-established method of Farrow et al. [25] [eqn (6) 
Estimation of the molecular rotational diffusion tensor
An initial estimate of the magnitude and orientation of the diffusion tensor of the free and bound protein at each temperature was obtained from the ratio R 2 /R 1 (see Supplementary Figure S9 at http://www.biochemj.org/bj/451/bj4510289add.htm) [26, 27] . Residues with large amplitude fast internal motions were excluded from the calculation (NOE<0.65). Among the remaining residues, those with significant conformational exchange on the microsecond/millisecond timescale were also excluded as proposed by Tjandra et al. [26] , according to the condition expressed by eqn (7) in the Supplementary Online Data.
For free CtCBM11 at 25 • C, from a possible 178 main-chain amides, we used 157 residues. For bound CtCBM11 at 25
• C we used 144 residues. For the free and bound protein at 50
• C, we used 149 and 143 residues respectively (see Supplementary Table  S7 at http://www.biochemj.org/bj/451/bj4510289add.htm).
Hydrodynamic calculations
Using the software HYDRONMR [28] we performed a theoretical estimation of the diffusion parameters and NMR relaxation data based on the bead-model method assuming a rigid model relaxing only through dipole-dipole and CSA (chemical-shift anisotropy) mechanisms. All of the calculations were made using the energy minimized representative conformers of the NMR solution structure of CtCBM11 (PDB codes 2LRO and 2LRP for the structures at 25
• C and 50 • C respectively) at a temperature of 298 and 323 K and solvent viscosity of 0.00911 and 0.00557 poise respectively, corresponding to a 90 %/10 % H 2 O/ 2 H 2 O mixture. The AER (atomic elements radius) used was 2.2. According to the observation from Bernado et al. [29] the inclusion of residues in flexible regions can negatively influence the outcome of hydrodynamic calculations, therefore the first five residues of the C-terminus and the last ten (including the six residue histidine tail) have been excluded from the calculation.
Internal mobility
After the initial estimation of the global correlation time as described above, model-free formalism [23] was used to further refine the rotational correlation time (τ m ) and to describe the motions of the protein in terms of an order parameter (S 2 ), conformational exchange (R ex ) and effective internal correlation time (τ e ). The model-free analysis was carried out with the Tensor2.0 software [30] (see the Supplementary Online Data). We used an N-H bond length of 1.02 Å and a CSA of − 172 p.p.m. for the 15 N backbone spins. The appropriate models for internal dynamics parameters were chosen using an iterative fitting procedure and statistical significance tests [27] . A total of five different models were tested to characterize the internal dynamics of the NH groups; each model included optimization of different microdynamic parameters (S 2 , τ e and R ex ). The five models have been described in detail previously [27] . We have used the energy-minimized representative NMR structure of the two ensembles throughout the analysis and the same residues as for the initial estimations of the correlation time.
Estimation of the conformational entropy from NMR relaxation data
The entropy change between the several states considered (free and bound at 25
• C and 50 • C) was calculated using the approach of Yang and Kay [31] [eqn (8) In order to analyse the decay of the amide proton signal intensities due to hydrogen exchange with 2 H 2 O we used a lyophilized double-labelled protein sample with and without cellohexaose. For the data acquisition the samples were dissolved in 75 mM phosphate-buffered 2 H 2 O at p 2 H = 7.5 to a final concentration of 1 mM (1:2 protein/ligand ratio). The dissolved sample was immediately placed into the NMR spectrometer, previously tuned and shimmed with a sample of the buffer used. See the Supplementary Online Data for spectral acquisition details. The data were processed with the software TopSpin2.2 (Bruker) and analysed using CARA 1.8.4.2 [9] . The cross-peak volumes obtained were normalized to the number of scans of each experiment. To determine the exchange rates of the individual amide protons, the normalized peak volumes were plotted as a function of the elapsed time and fitted to a three-parameter single-exponential decay function [eqn (9) in the Supplementary Online Data] [32] . We calculated the protection factors (Pf ) for the several amide protons according to Bai et al. [33] [eqn (10) in the Supplementary Online Data].
The hydrogen-exchange rates of amide protons in nonstructured peptides, k rc , were estimated using the software SPHERE [34] (http://www.fccc.edu/research/labs/roder/sphere) with the default activation energies (E a s): acid E aH = 15.0 kcal/mol and base E aOH = 2.6 kcal/mol. The exchange medium was set to 2 H 2 O, the temperature was set to 25
• C and the pH was set to 7.5. The reference data was set to poly-DL-alanine [33] . The remaining parameters were kept with the default values.
The free energy of exchange of the amide protons was calculated according to eqn (11) (see the Supplementary Online Data) and the calculated G ex values for the free and bound protein are given in Supplementary Table S9 (at http://www. biochemj.org/bj/451/bj4510289add.htm).
RESULTS
NMR solution structure determination
In order to investigate the influence of temperature in the protein structure and dynamics we have determined the NMR solution structure of the protein at 25
• C and 50 Table S2 lists the structural statistics for the deposited NMR structures). At 25
• C, 92.6 % of the residues lie in the favoured regions (99.4 % in the allowed regions), whereas at 50
• C, 92.3 % of the residues lie in the favoured regions (99.2 % in the allowed regions) of the Ramachandran plot. Figure 1 shows the surface representation of the structures determined by X-ray crystallography (PDB code 1V0A; Figure 1A ) [5] and NMR [energy minimized representative structures determined at 25
• C ( Figure 1B ) and 50
• C ( Figure 1C) ] and highlights the differences in the length of the binding cleft (calculated from the Cα of Asp 51 to the Cα of Asp 128 ) and the corresponding approximate area. Both NMR solution structures are nearly identical with each other, with an rmsd (root mean square deviation) of only 1.03 Å between the ensemble representative NMR solution structures. Moreover, the NMR solution structures are also similar to the X-ray structure, with an rmsd of 1.20 Å for the structure at 25
• C and 1.10 Å for the structure at 50
• C. However, a careful comparison between the NMR solution structures and the crystal structure shows that the β-sheet elements superimpose quite well, whereas the loop regions superimpose less well. This is especially true in the loop formed between Arg 125 and Gln 134 , which has the largest rmsd value. Interestingly, this means that in the NMR structures the binding cleft area is larger than in the crystal structure (approximately 3700 and 3760 Å 2 for the NMR structures at 25
• C compared with 3225 Å 2 for the X-ray structure; Figure 1 ).
Interaction studies with cellooligosaccharides
In order to characterize the residues responsible for binding to cellooligosaccharides, we titrated a 0.1 mM sample of doublelabelled protein with cellohexaose and cellotetraose and followed the amide chemical shift variation by 1 H, 15 N-HSQC. Besides the length of the cellooligosaccharide chain, we also studied the influence of temperature by performing the titrations at 25
• C and 50 • C. From the change of chemical shift in both dimensions we calculated the combined chemical shift perturbation, δ comb . A cut-off line [15] (see the Experimental section for details) was determined in order to better represent the distribution of affected and non-affected residues (Figure 2 Figure 2C ). The observed effects on the chemical shifts indicate that the interaction is fast in the NMR time scale. Thus the alterations in chemical shifts can be used to determine the equilibrium association constants [15, 16] . From the titration data, we see that Tyr 129 interacts with both cellohexaose and cellotetraose, and from previous mutation studies [4, 5] it is known that this residue is essential for ligand binding. Owing to this fact, and because Tyr 129 NH group resonance is fairly well resolved, its chemical shift was followed as a function of the concentration of ligand to obtain binding constants (Supplementary Table  S3 ). The results yielded K a values of (5.20 + − 1.10)×10 4 and (1.83 + − 0.33)×10 4 M − 1 for the interaction with cellohexaose at 25
• C and 50 • C respectively. For the interaction with cellotetraose at 25
• C a K a value of (2.33 + − 0.56)×10 4 M − 1 was obtained.
Molecular docking and molecular dynamics studies
Combining the experimental information about the residues that are most affected by binding with the NMR solution structure of the protein and the previously STD-NMR-obtained information concerning the ligand [4] , we recalculated a model of the CtCBM11-cellohexaose/cellotetraose complex using a molecular docking approach. The docking procedure was driven with HADDOCK [17] [18] [19] using the energy minimized NMR solution structure of the ensembles at 25
• C and 50 • C. A detailed summary of the docking results is given in Supplementary Table S4 and a representation of all of the best structures belonging to each cluster (first structure of each cluster) for all complexes is shown in Supplementary Figure S1 .
Because all of the structures in a given cluster were very similar, only the first structure of the lowest energy cluster was subjected to molecular dynamics. We chose these structures based on two facts: (i) they are in good agreement with the experimental data (previous STD-NMR data [4] and titration experiments) and (ii) they are the ones with the lowest HADDOCK score. However, it should be emphasized that all of the structures obtained for each complex show a very similar binding pattern.
In order to compare the different complexes we analysed the protein-ligand interactions, the conformation of the oligosaccharides and the glycosidic linkages along the molecular dynamics simulation. The full results are shown in Supplementary  Figures S2-S4 and Supplementary Tables S5 and S6 . Table S6 ). The average and ϕ angles obtained using the molecular dynamic approach are very similar for both cello-oligosaccharides ( = 31.8 and ϕ = − 24.1 for cellotetraose, and = 36.2 and ϕ = − 21.2 for cellohexaose) and their values indicate that the β- (1, 4) conformation was retained through all of the simulation. Furthermore, the average and ϕ angles and H1-H4 distances are in agreement with the ones reported for the conformation of cellotetraose and cellohexaose in solution [35] .
To further evaluate the quality of our models, the conformation of the oligosaccharides bound to CBM11 was compared with the conformations of other related CBM complexes of cellohexaose and cellotetraose in crystallographic structures. As shown in Supplementary Figure S3 , the molecular dynamics models superimpose quite well with those of the crystallographic structures of cellohexaose in complex with CBM29-2 and cellotetraose in complex with CBM28 (PDB codes 1W8T and 3ACH respectively) with low rmsd values. Figure 3 shows the representative models for the interaction of CtCBM11 with cellohexaose and cellotetraose at 25
• C, as well as the direct carbohydrate-protein interactions and a superimposition of both structures (the model of cellohexaose at 50
• C is shown in Supplementary Figure S4 ). For both temperatures, cellohexaose lies equidistant from the two sides of the binding cleft and binding occurs mainly with the four central glucose units.
A great number of the residues perturbed in the titration experiments do indeed interact directly with cellohexaose by hydrogen bonding or CH-π interactions. For the model at 25
• C, Moreover, and in agreement with the perturbation map of Figure 2 (C), we see that cellotetraose interacts preferentially with one side of the cleft. This seems to be a consequence of the fact that the CH-π contact between Tyr 53 and the H3 of a sugar unit, as seen for cellohexaose, is lost in the case of cellotetraose. However, the OH group of Tyr 53 still interacts with the oligosaccharide through a hydrogen bond with a C2 hydroxy group. From the molecular dynamics simulations one could observe indeed that the cellotetraose on average interacts more diffusively with Tyr 53 than cellohexaose. The average distance and amplitude between the centre of mass of the sugar and tyrosine rings are higher for the cellotetraose than for cellohexaose (Table 1 ). In addition, the hydrogen bond analysis points out that the main polar contacts occurring between cellotetraose and receptor are deflected to the right-hand side of the cleft.
In the three models obtained, the same orientation of the ligand in the cleft is maintained and some interactions are conserved; Try 129 contacts with the α-face of a sugar unit, whereas Try 53 contacts with the β-face of the same unit. Additionally, the nonreducing end of the sugar is always facing the same side of the protein.
Relaxation data, diffusion tensor and hydrodynamic calculations
We have obtained longitudinal (R 1 ) and transverse (R 2 ) relaxation rates as well as 1 Table 2 summarizes the average relaxation rates and the 1 H, 15 N-NOE values obtained under the different experimental conditions as well as the estimation of the total correlation time (τ m ) of the protein from the average R 2 /R 1 ratio, excluding values that fail the selection criteria described by Tjandra et al. [26] .
On average, at 25
• C, the values of R 1 do not change significantly upon ligand binding, whereas at 50
• C the R 1 values 15 N-NOE values remain fairly constant throughout the amino acid sequence with the exception of some regions that show NOE values well below the average. The residues in these regions belong mainly to loops and are the ones that were shown to interact with the cellooligosaccharides (see Supplementary Figure S8 ).
An initial estimate of the total correlation time, τ m , was obtained from the ratio R 2 /R 1 ( Figure 4 and Table 2 , and Supplementary Figure S9 ) using data from residues that do not undergo any conformational and/or solvent-exchange processes (NOE < 0.65) [26, 27] .
As expected based on the Stokes-Einstein relationship, the R 2 /R 1 ratios and τ m values decrease with temperature ( Figure 4 , left-hand panels, and Table 2 ), reflecting the reduction in solvent viscosity as a function of the increased temperature. Furthermore, we see that, at 25
• C, the binding of cellohexaose to the protein does not seem to affect much the total correlation time, whereas at 50
• C the binding is accompanied by a reduction of approximately 20 % in the total correlation time (Figure 4 , right-hand panel, and Table 3 ).
Using the software Tensor2.0 [30] and the energy minimized representative conformers of the NMR-derived solution structures we have further optimized the total correlation times and calculated the rotational diffusion tensors for the free and bound protein at 25
• C (for more details see Table 2 and  Supplementary Table S7 ). The overall rotational diffusion of CtCBM11 is best described by an axially symmetric model of rotational diffusion, independent of the temperature or the state, bound or unbound. A D ratio <1 indicates that the protein behaves as an oblate (see Table 2 ).
The program HYDRONMR [28] was used to perform hydrodynamic calculations. The energy-minimized representative NMR structures at 25
• C and 50 • C were used for the calculations and the results are summarized in Table 2 . The calculated correlation times and axial anisotropy diffusion tensor ratios are in good agreement with the ones derived from the analysis of NMR data (Table 2 ). The left-hand panel illustrates the effect of binding on the R 2 /R 1 ratio, whereas the right-hand panel illustrates the effect of the temperature. 
Internal mobility
The software Tensor2.0 [30] was also used to determine the parameters characterizing the internal mobility (S 2 , τ e and R ex ) of CtCBM11 in the free and bound states at 25
• C and 50 • C. Throughout the analysis, the energy-minimized representative NMR solution structures (either at 25
• C or at 50 • C) was used and the data were fitted into one of five possible dynamic models [27, [36] [37] [38] . Table 3 summarizes the number of residues assigned to each dynamic model for all of the conditions studied.
Overall, the S 2 values are high, confirming the protein's rigidity. Solvent-exposed loops have also high S 2 values, but, as expected, slightly below the average (see Supplementary Figure S10 at http://www.biochemj.org/bj/451/bj4510289add.htm). Figure 5 shows the effect of binding (left-hand panels) and temperature (right-hand panels) on the order parameter S 2 . Ligand binding causes a decrease in the S 2 values for the majority of the residues at both temperatures, indicating that the protein becomes slightly more flexible upon binding. Regarding the effect of temperature, increasing the temperature leads to an increase in the S 2 value of the majority of the residues.
Estimation of the conformational entropy from NMR relaxation data
The conformational entropy (S conf ) can be calculated from the internal mobility-derived order parameters (S 2 ) [27, 39] . In general, an increase in the order parameter results in loss of entropy and vice versa. Despite the attractiveness of this approach, entropy values calculated from order parameters should be considered carefully and used as upper limits of the entropy component (owing to the possibility of correlated motions) [32, 39] . Table 4 summarizes the average conformational entropy values calculated for the different models (for a full list of the calculated S conf values see Supplementary Table S8 at http:// www.biochemj.org/bj/451/bj4510289add.htm). Conformational entropy values were extracted accounting for the influence of binding at 25
• C (143 and 137 residues respectively) and for the influence of temperature (145 and 131 residues, for the free and bound protein respectively). As shown in Table 4 , the average conformational entropy associated with binding, independent of the temperature, is slightly positive, whereas the conformational entropy relative to the increase in the temperature is slightly negative, independent of the state of the protein. This result is independent of whether all residues are considered or only those involved in binding.
Amide hydrogen/ 2 H 2 0 exchange rates
Hydrogen/ 2 H 2 0-exchange experiments allowed the identification of residues that are either solvent-exposed (fast exchange rate) or buried or hydrogen-bonded (slow exchange rate).
In both structures, the amide protons that show very fast exchange rates belong mostly to solvent-exposed loops and the ones showing very slow exchange rates belong mostly to We calculated the free energy of exchange ( G HX ) of the amide protons assuming an EX2 limit condition (see the Supplementary Online Data and Supplementary Table S9) . These values can provide information on the thermodynamics of the structural opening reaction that allows the hydrogen/deuterium exchange process (the higher the G HX value, the more protected the amide group) [32] . The difference between the measured G HX value for the free and bound protein (Supplementary Figure S11B) shows that, upon binding, some amide groups become, in general, less protected. This is especially evident for residues we see that they remain essentially the same (27.6 and 28.1 kJ/mol for the free and bound protein respectively). This shows that, although there are local variations in the protection of determined amide groups, overall these effects do not stabilize or destabilize the protein.
DISCUSSION
In our previous studies, all attempts for soaking and cocrystallizing CtCBM11 with different ligands failed [4] . In addition, we showed also that to dock cellooligosaccharides using the X-ray structure some degree of backbone flexibilization is needed to fit the saccharides [4] . This motivated us to investigate the solution structure of the protein in order to compare with the X-ray structure. Because C. thermocellum is a thermophilic bacterium [7] , we determined the NMR solution structure of the protein at 25
• C in order to check for the influence of temperature. The high similarity between the structures determined at 25
• C is indicative of a very stable protein, as one would expect from a thermophilic organism. Most interesting, as shown in Figure 1 , is the fact that the area of the binging cleft in the crystal structure (approximately 3225 Å 2 ) is significantly smaller than that of the solution structures (approximately 3700 and 3760 Å 2 for the structures at 25
• C). The closed conformation of the binding cleft imposed by the crystal packing, as displayed in the X-ray structure, may impair the binding of cellooligosaccharides and the difference found between the solution and the X-ray structure might explain the failed attempts for obtaining crystals of CtCBM11 with several ligands through soaking experiments. This result reveals a key role of the geometry of the binding cleft in the interaction with cellooligosaccharides that is in good agreement with other reported results [40] . In this sense, NMR provides a more accurate description of the solution structure of CtCBM11 as it accounts for the conformational modifications of the binding cleft that allow ligand binding. The results of the present study indicate that significant changes in the binding cleft may occur owing to the crystal packing and this is important information to consider when using X-ray structures for binding studies.
The residues of the protein involved in binding were identified by titrating the protein with cellohexaose and cellotetraose and by following the variation of the amide chemical shifts by 1 H, 15 N-HSQC. The results summarized in Figure 2 allowed pinpointing of the binding cleft by the identification of the residues perturbed. Through site-directed mutagenesis [5] , molecular docking and molecular dynamics studies [4] we have previously identified several residues as key for the binding process (Tyr 22 (Figure 2 ), confirming this region as the binding site.
Interestingly, although cellohexaose and cellotetraose share the same binding cleft, the interaction pattern is distinctive. Whereas cellohexaose interacts with both sides of the binding cleft, cellotetraose seems to interact preferentially with one side (Figure 2) . This difference is related to the smaller size of cellotetraose and is reflected in the affinity displayed towards the different ligands [5] .
The models obtained by the simulation studies allow a detailed inspection of the main protein-ligand interactions upon binding. The large number of protein-ligand interactions, as observed in Figure 3 (see Supplementary Table S5 for further details), stabilizes the conformation of cellohexaose in the binding cleft and their careful inspection provides an explanation why this CBM displays a higher affinity for larger ligands when compared with those with the minimal length to fit the binding cleft. A reduction in the size of the oligosaccharide leads to the loss of several contacts with the protein, including the CH-π interaction with Tyr 53 , but the overall number of hydrogen bonds is very similar. This fact shows that CH-π and Van der Waals interactions are determinant for increasing the stability of the complexes.
A characteristic of the interaction of CtCBM11 with the cellooligosaccharides is the interaction through the hydroxy groups attached to C2 and C6 from the central glucose units [4] . The models displayed in Figure 3 show that these groups make several contacts with the protein, including a number of hydrogen bonds whose presence may dictate the specificity of the protein as it does for other CBMs [2] . For instance, ligands that lack the methylene group (e.g. xylose), have the C2 hydroxy group in a different position or have any of these positions substituted (e.g. arabinoxylan, galactomannan or carboxymethylcellulose) cannot bind to CtCBM11. Similarly, β-1,3-linked glucans (as the case of laminarin) also do not bind to CtCBM11 as the orientation of the C2 and C6 hydroxy groups is different from the β-1,4-linked glucans. The several contacts that CtCBM11 makes with the OH groups attached to C2 and C6 from the central glucose units allied to the rigid conformation of the cleft seems to be determinant to the specificity of the protein. Therefore only ligands with a methylene group at C5, with the OH group at C2 in an equatorial position and displaying the typical twisted conformation of β-1,4-linked glucans, can bind to this protein. Nonetheless, there is still some promiscuity in ligand recognition as shown by Najmudin et al. [41] These authors showed that CtCBM11 is capable of binding to xyloglucan, a hemicellulosic polysaccharide composed of a backbone of β-1,4-linked glucose residues which has up to 75 % of these residues substituted at O6 with mono-, dior tri-glycosyl side chains. The results of the present study show that binding to xyloglucan is only possible if the ramifications of the β-1,4-linked glucose backbone leaves at least four sequential glucose units unsubstituted, thus minimizing any possible sterical clash with the protein. This could explain the low affinity displayed towards xyloglucan, only 0.6×10 4 M − 1 [41] . No significant difference in the binding pattern is observed upon increasing the temperature. Previous ITC experiments [5] showed that the association of CtCBM11 with cellohexaose and cellotetraose is enthalpically driven (i.e. exothermic) with an unfavourable entropic contribution. This is common to the majority of CBMs [42] . However, ITC data does not give information about the individual contributors to the thermodynamic parameters, such as the role of favourable direct CBM-saccharide interactions, conformational rearrangements of the oligosaccharide, thermodynamic favourable structural rearrangements of the protein backbone etc.
In order to gain a better insight about the contribution of possible structural rearrangements of the protein backbone to the thermodynamic parameters we have studied CtCBM11 relaxation and dynamics upon ligand binding at both temperatures. It has been shown that order parameters (S 2 ) derived from NMR relaxation data are related to conformational entropy and can be used to estimate changes in conformational entropy [27, 39] .
As seen in Table 2 (and Supplementary Figures S5-S8) , the values of the three parameters (R 1 , R 2 and 1 H, 15 N-NOE) are reasonably constant along the secondary structure elements, indicating that the overall tumbling of the protein dominates the relaxation as expected for a rigid system. For the loop regions, these values fall below the average, accounting for dynamic processes occurring in the fast timescale (nanosecondpicosecond). The initial estimates for the overall correlation time of free CtCBM11 taken from the R 2 /R 1 ratios and the ones calculated with Tensor2.0 [30] are in good agreement with the calculated values from the hydrodynamic analysis (Table 2) • C and 50 • C respectively). Binding of cellohexaose is accompanied by a decrease in the overall correlation time ( Table 2 ). Whereas at 25
• C the variation is very small (9.02 + − 0.05 ns free and 8.88 + − 0.06 ns bound), at 50
• C there is a 15% reduction (5.65 + − 0.05 ns free and 4.83 + − 0.04 ns bound). The structures obtained by docking show that the oligosaccharide fills the binding cleft completely and, for this reason, the complex acquires a more spherical shape than the free protein. The reduction in the correlation time could then be associated with a faster rotation in solution caused by a reduction in friction due to the filling of the binding cleft. This effect is more pronounced at 50
• C. This is in agreement with the structures obtained by docking that show a more intimate contact between the protein and the oligosaccharide at this temperature.
Using the obtained relaxation data and applying the modelfree approach [27, [36] [37] [38] , we studied the internal dynamics of CtCBM11 in terms of the order parameter (S 2 ), effective correlation time (τ e ) and chemical exchange relaxation rate (R ex ). The data was fitted into one of five possible dynamic models [27, 36] (Table 3 ) that reflect the increasingly complex internal dynamic properties of each residue. The order parameter, S 2 , reports on the amplitudes of conformational fluctuations on time scales faster than overall rotational diffusion (picosecondnanosecond time scale) and ranges from 0 for unrestricted motions to 1 for fully restricted motions [27] . As seen in Table 4 , S 2 has average values greater than 0.8 for all of the conditions tested, showing that CtCBM11 has very little internal mobility. Upon binding, there are a significant number of residues that change their dynamical model to be explained by the simplest dynamic model (model 1) at the expense of more complicated models, particularly models 4 and 5. The obtained results agree well with the previous observation of a more isotropic protein upon binding. Most interestingly, the majority of these residues are the ones identified as affected by binding or their sequential neighbours (16/24 at 25
• C and 24/39 at 50
This is also consistent with the structural data at 25 • C and 50 • C (very similar three-dimensional structures at both temperatures) and with the small variation of the R 2 /R 1 ratios along the protein sequence. Furthermore, this shows that both the free and the bound protein are well defined with very little conformational changes. This seems to be inconsistent with the thermodynamic data. Because of the unfavourable T S value for complex formation, one would expect a more flexible free state and a higher rigidity in the bound state. However, binding is accompanied by a slight decrease in the average S 2 values, denoting a more flexible backbone. An estimation of the variation in conformational entropy ( S conf ) as determined from the order parameters (Table 5) shows that the binding process leads to a small, but positive, entropy variation. This is true considering all residues, or just the ones perturbed by the ligand. This means that binding does not occur through an 'induced-fit' mechanism with a loss of conformational entropy [39] , but by a selection mechanism, where ligand conformation is determinant for recognition by a rigid protein. These results show that the contribution for the negative binding entropy must originate in the loss of conformational entropy of the ligand since this recognition behaviour allows minimizing the entropic penalty associated with binding, but does not eliminate it. This mechanism is common to other CBMs [2, 3, [43] [44] [45] [46] and should be the one of the main determinants of ligand selection for CtCBM11.
The occupation of the binding cleft, in the free state, by ordered water molecules that act as mobility restrictors could explain the rigidity of this form. The binding event would replace these water molecules by groups of the ligand, thus maintaining the overall rigidity of the protein. In fact, evidence that dehydration effects are involved in the binding process have been described previously [3] . In order to further probe the local environment in the binding cleft hydrogen/ 2 H 2 Oexchange experiments were performed. These experiments allow identification of residues that are either solvent-exposed (fast exchange rate) or buried or hydrogen-bonded (slow exchange rate). In the case of CtCBM11, we see that the different amide groups have a wide range of exchange rates, varying from milliseconds to several hours/days. The results obtained show that, upon binding, although some residues become less protected (i.e. solvent exposed), residues involved in binding or their sequential neighbours become more protected (see Supplementary Figure  S11 ). This is especially clear for Gly 100 ( K ex = 2.69×10 − 3 s − 1 ) and for Tyr 129 ( K ex = 1.45×10 − 2 s − 1 ). These data are consistent with the formation of hydrophobic interactions between the ligand and the protein, and is in good agreement with the dehydration effects described above. Observing the CtCBM11-cellohexaose models, we see that, in fact, the amide groups of these two residues make direct contacts with the sugar subunits. The fact that some residues become more solvent exposed may indicate that some parts of the protein need to go through some degree of rearrangement in order to bind to the ligand. This agrees well with the internal mobility data and thermodynamics of binding.
Conclusions
NMR-derived structural and dynamic data combined with molecular docking and dynamics simulations was used to obtain structural models of cellotetraose and cellohexaose bound to CtCBM11. We have identified a large number of protein-ligand interactions, including CH-π interactions with Tyr 53 15 N-TOCSY-HSQC (mixing time 60 ms), both in the aliphatic and aromatic regions, and HNHA were performed for complete sidechain resonance assignment and NOE measurements. Table S1 shows the NMR acquisition details.
The assignment of the 1 H, 13 C and 15 N signals in spectra was performed using CARA 1.8.4.2 [1] . For the semi-automatic protein backbone assignment, the AutoLink module [2] integrated into the CARA program was used.
After assignment completion, CYANA2.1 [3] was used to analyse the peak data from the NOESY spectra in a semi-automated iterative manner. We used CARA 1.8.4.2 to automatically generate the NOE co-ordinates and intensities used as the input for the automated analysis. The unambiguous NOEs assigned to a given pair of protons were converted into the upper limits by CYANA2.1 [3] . No stereospecific assignments were introduced initially. In the final steps, 43 and 23 pairs of stereospecific limits were introduced by CYANA2.1 [3] for the structure calculations at 25
• C and 50 • C respectively. We applied the hydrogen-bond constraints at a late stage of the structure calculation for identifiable characteristic NOE patterns observed for α-helices or β-strands (89 for β-strands and 8 for α-helices for both structures). CYANA2.1 [3] used these parameters to compute seven cycles of NOE cross-peak assignment and structure calculation, each with 100 starting structures. After the first few rounds of calculations, we analysed the spectra again to identify any additional cross-peaks consistent with the structural model and to remove the misidentified peaks. Calcium ions were finally included in the calculations by adding a new residue in the amino acid sequence formed from a chain of dummy atoms that have their van der Waals radii set to zero (so they can freely penetrate into the protein) and one which mimics the calcium ion. 40 , and Oδ1 and Oδ2 from Asp 163 and Thr 139 were linked to the second calcium ion through the same upper and lower distance limits. This approach does not impose any fixed orientation of the ligands with respect to the calcium ion. The input data and structure calculation statistics are summarized in Table S2 .
The 20 conformers with the lowest final CYANA target function values were further subjected to restrained energy minimization in a water shell by using the AMBER12 package using the all-atom force field ff99SB [5] . The structures were immersed in an octahedric box using the TIP3P water model, with a thickness of 10 Å. Eight sodium counter ions were also included to neutralize the charge. The simulation was performed by using periodic boundary conditions and the particle mesh Ewald approach to account for the electrostatic interactions [6] . The restrained energy minimization was performed in three stages. In the first stage, the solvent molecules were minimized by molecular mechanics keeping the solute fix with the positional restraint of 500 kcal · mol − 1 · Å − 2 followed by the relaxing of the entire system after restraint removal. In the last stage, a maximum of 1500 steps of restrained energy minimization and a combination of the steepest descent and conjugate gradient algorithms were applied by using a parabolic or linear penalty function for the NOE upper distance bonds and torsion-angle restraints.
Interaction with cellooligosaccharides
1 H, 15 N-HSQC spectra were acquired with 2048×256 points and 32 scans. Spectral widths were 9615 for 1 H and 2311 Hz for 15 N. The proton central frequency was set on the solvent signal (water) and for nitrogen was set on the centre of the amide region.
For the evaluation of the behaviour of individual amino acids upon the addition of increasing amounts of ligand we have calculated the combined amide proton and nitrogen chemical shift differences using eqn (1) [7] :
where Δδ H and Δδ N are the chemical shifts of proton and nitrogen. In order to decide whether a given residue belongs to the class of interacting or non-interacting residues, we have calculated a corrected S.D. to zero [7] .
Calculation of the dissociation constant, K d , and thermodynamic parameters
The combined chemical shifts of the NH group resonance of Tyr 129 were used to obtain the dissociation constant from the titration experiment according to eqn (2) [8] : From the determined binding constants, the equilibrium thermodynamic parameters H and S were calculated using van't Hoff plot according to eqn (3):
where R is the gas constant, T is the temperature, and ΔH and ΔS are the enthalpy and entropy respectively. Table S3 shows the calculated dissociation constants and the thermodynamic data.
Docking models for the CtCBM11-cellohexaose/cellotetraose complexes and molecular dynamics
The HADDOCK docking protocol was performed as described previously [9, 10] . The rigid-body docking stage was performed five times, and the best resulting structure was saved. A total of 1000 structures were generated at the rigid-body docking stage, the best 200 of which were selected for further semiflexible refinement and refinement in explicit water. Non-bonded energies were calculated using the OPLSX non-bonded parameters [11] . Parameters for the ligands were obtained from Glycam Web. The resulting solutions were clustered using a 2 Å cut-off and analysed using PyMOL 1.4.1. Because all of the structures in a given cluster were very similar, only the first one was subjected to molecular dynamics analysis. Molecular mechanics calculations and molecular dynamics simulations were performed with AMBER12, using the ff99SB [5] and GLYCAM 06 [14] force fields to parameterize both the protein and carbohydrates respectively. The ligands were then minimized by molecular mechanics, through 1000 steps of the steepest descent method, followed by the conjugate gradient method until a convergence criterion of 0.0001 kcal mol − 1 was achieved. The complexes were immersed in isometric truncated octahedron TIP3P water boxes of 12 Å and the proper number of counter ions was added using LeaP.
The molecular dynamics simulations were performed using periodic boundary conditions following a five-step protocol. The first step consisted of 20000 cycles of minimization to remove any possible unfavourable contacts between solvent and complexes. The first 3000 cycles of the minimization were performed with the steepest descent method, followed by the conjugate gradient method. In this step, the solute is restrained in the Cartesian space using a harmonic potential (weight 500 kcal · mol − 1 · Å − 2 ). Subsequently, 10000 cycles of minimization (3000 steps of steepest descent and 7000 steps of conjugate gradient method) without restraints was performed. The systems were then heated up to 298 K for 50 ps using an NVT ensemble and a weak positional restraint (10 mol − 1 · Å − 2 ) on the solute, to avoid wild structural fluctuations, using the Langevin thermostat with a collision frequency of 1 ps − 1 . The positional restraints were removed and a molecular dynamics run in an NPT ensemble at 298 K for 500 ps was performed for equilibration at 1 atm with isotropic scaling and a relaxation time of 2 ps. Finally, NPT data production runs were carried out for 4 ns and the snapshots were saved to a trajectory file every 0.2 ps.
All bonds involving hydrogen atoms were constrained with the SHAKE algorithm [15] allowing the use of a 2 fs time step. The particle mesh Ewald method [6] was used to treat the long- range electrostatic interactions and the non-bonded van der Waals interactions were truncated with a 12 Å cut-off. The collected structural data were analysed with the PTRAJ module of the AMBER package. The molecular dynamics trajectories were also clustered by rmsd similarity using the average-linkage clustering algorithm [16] .
N relaxation measurements and analysis
Data for the determination of the 15 N longitudinal relaxation rate (R 1 ) was obtained with 13 relaxation periods (0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2, 2.5, 3, 3.5 and 4 s). The spectrum was acquired with 2048 points in the 1 H indirect dimension and 40 points in the 15 N direct dimension and 16 scans. The spectral width was 9615 p.p.m. in the 1 H dimension and 2311 p.p.m. in the 15 N dimension and the relaxation delay was 10 s. The central frequency for proton was set on the solvent signal (water) and for nitrogen was set on the centre of the amide region. For the 15 N transverse relaxation rate (R 2 ) a spin echo period of 450 μs was used and data corresponding to eight relaxation periods was collected (0.016, 0.032, 0.065, 0.097, 0.129, 1.161, 1.194 and 0.258 s). The spectrum was acquired in the same conditions as the above and the relaxation delay was 2.5 s. Heteronuclear 15 N, 1 H-NOE was determined from the ratio of two experiments with and without saturation as described previously [18] . The heteronuclear experiments described above were collected with 2048×256 points, 32 scans and 5 s of relaxation delay. The central frequency for proton was set on the solvent signal (water) and for nitrogen was set on the centre of the amide region. The spectral widths were 9615 Hz for 1 H and 2311 Hz for 15 N. The data was analysed in CARA.
The T 1 and T 2 relaxation data peak intensities were fitted with the software OriginPro 8 (OriginLab) into eqns (4) and (5) respectively [18] :
where I t is the intensity at time τ and I 0 is the intensity at equilibrium. The errors were extracted directly from the fitting.
The HetNOE values are defined as the ratios of peak intensities with and without proton saturation. We have calculated the uncertainties of HetNOE values, NOE, using the wellestablished method [19] described in eqn (6): (6) where I sat and I unsat are the peak intensities with and without proton saturation respectively. Their uncertainties were determined from the root mean square noise in the background regions. The relaxation data are summarized in Figures S5-S8 .
Estimation of the molecular rotational diffusion tensor
An initial estimate of the magnitude and orientation of the diffusion tensor of the free and bound protein at each temperature was obtained from the ratio R 2 /R 1 [20, 21] . Residues with large amplitude fast internal motions were excluded from the calculation (NOE<0.65). Among the remaining residues, those with significant conformational exchange on the microsecond/millisecond time scale were also excluded according to the following condition [21] :
where <T 2 > and <T 1 > are the average values of T 2 and T 1 respectively, T 2,n and T 1,n are the T 2 and T 1 values of residue n respectively, and SD is the standard deviation of eqn (7). The R 2 /R 1 ratios at 25
• C for the free protein were calculated with 134 residues out of 178 yielding a value of 9.11 + − 0.02 ns. For the bound protein at 25
• C, 115 residues were used and a value of 8.78 + − 0.04 ns was obtained. At 50
• C, the correlation times were 4.25 + − 0.03 ns (using 125 residues) and 3.43 + − 0.05 ns (using 128 residues) for the free and bound protein respectively.
The software Tensor2.0 [22] and the energy-minimized representative conformers of the NMR-derived solution structures were used to further optimize the total correlation times and calculated the rotational diffusion tensors for the free and bound protein at 25
• C and 50 • C. Table S7 summarizes the results obtained.
Internal mobility
The software Tensor2.0 [22] was also used to determine the parameters characterizing the internal mobility (S 2 , τ e and R ex ) of CtCBM11 in the free and bound states at 25
• C or at 50 • C) was used and the data was fitted into one of five possible dynamic models [20, [23] [24] [25] . For the free protein, most residues (99 and 61 for the data at 25
• C respectively) were fitted using model 4 (S 2 , τ e and R ex ), meaning that the internal dynamics of those residues is only explainable when taking into account a conformational exchange term (R ex ) and assuming that they have very fast correlation times (τ e <500 ps). For 25 and 27 residues of the protein at 25
• C respectively, the data was fitted to model 5 (S 2 s , S 2 f and τ m ), which assumes two time scales for internal motions (fast and slow) and no conformational exchange term. For the free protein at 25
• C, ten residues were fitted with model 2 (S 2 and τ m ) and 20 with model 3 (S 2 and R ex ), whereas for the protein at 50
• C, 54 residues were fitted with model 2 and only two with model 3. Interestingly, none of the residues for the free protein at 25
• C and only three at 50
• C were fitted to the simplest . This behaviour clearly changes upon binding when 24 and 39 residues are fitted with model 1 for the structure as 25
• C respectively. The number of residues fitted with model 4 drops to about half for both temperatures (45 and 33 for 25
• C and 50 • C respectively), but the number of residues fitted by model 3 increases (45 and 20 for 25
• C and 50 • C respectively). In all models, some residues could not be fitted by any of the proposed models. Figure S10 shows the S 2 values.
Estimation of the conformational entropy from NMR relaxation data
The conformational entropy (S conf ) can be calculated from the internal mobility-derived order parameters (S 2 ) [21, 27] . In general, an increase in the order parameter results in loss of entropy and vice versa. Despite the attractiveness of this approach, one must bear in mind that it comes with several shortcomings. Thus we have to consider that: (i) S 2 values may not be available for all residues; (ii) of the ones available, only those less than 0.95 can be used; (iii) the motion of the vectors may not be truly independent; (iv) the order parameters do not reflect motions outside the nanosecond-picosecond timescale; and (v) solvent ordering (disordering) is not included [22] . For all these reasons, entropy values calculated from order parameters should be considered carefully and used as upper limits of the entropy component (owing to the possibility of correlated motions) [26, 27] .
• C and 50 • C) was calculated using eqn (8) [28] :
where S conf is the change in conformational entropy, k is the Boltzmann constant and S j is the order parameter for the residue j in the final (S j,final ) and initial state (S j,initial ). Table S8 shows the values of the estimated conformational entropy. 15 N-HSQC spectra series were acquired with an increasing number of scans due to the loss of signal intensity and consequent decrease of the signal/noise ratio. The data was processed with the software TopSpin2.2 (Brüker) and analysed using CARA 1.8.4.2.
To determine the exchange rates of the individual amide protons, the normalized peak volumes were plotted as a function of the elapsed time and fitted to a three-parameter single-exponential decay function [28] :
where I(t) is the intensity at time t, I 0 is intensity at time 0, k ex is the exchange constant, t is the time elapsed and C is the final amplitude.
For the free protein, of the 165 assigned amide groups, 58 have very fast exchange rates that could not be determined by this method. From the remaining 107 amide protons, exchange rates were determined only for 51 as for the others the exchange rates are too slow for the experimental time used (about 27 h). For the bound protein, of the 154 assigned amide groups, 59 have very fast exchange rates. Of the remaining 95, exchange rates were only determined for 52 as for the remaining 43 the exchange rates are too slow.
The protection factors (Pf ) for the several amide protons were estimated according to eqn (10) [29] :
where k rc and k ex represent the exchange rates of the protein in the random coil and native conformations states respectively. The free energy of exchange of the amide protons was calculated according to the eqn (11):
where R is the gas constant (8.314 J/K per mol) and T is the absolute temperature at which the exchange was monitored (298 K). The effect of binding in the amide hydrogen/ 2 H 2 O-exchange rates is shown in Figure S11 and the calculated G ex values for the free and bound protein are given in Table S7 . The hydrogen-exchange rates of amide protons in non-structured peptides, k rc , were estimated using the software SPHERE [30] with the default activation energies (E a s): Acid E aH = 15.0 kcal/mol and base E aOH = 2.6 kcal/mol. The exchange medium, temperature and pH were 2 H 2 O, 25 • C and 7.5 respectively. The reference data was set to poly-DL-alanine [29] . 
